Background: Mitotic progression is regulated by reversible protein phosphorylation involving kinases and phosphatases. Results: Pnuts functions as a master regulator of mitosis by modulating PP1; Pnuts expression peaks in mitosis and is degraded at mitotic exit. Conclusion: This study reveals the function and regulation of a new and essential mitotic regulator. Significance: This study improves our understanding of M-phase regulation.
As a fundamental process of life, cell division in M-phase is tightly regulated and evolutionarily conserved. Mitotic defects are often associated with human diseases, particularly cancer, whereas antimitotic agents are among the most successful drugs for cancer therapy (1) . Mitotic entry, progression, and exit involve extensive cellular reorganization that is programmed and regulated through sophisticated molecular mechanisms. A multitude of existing studies stress the importance of mitotic phosphorylation that occurs on hundreds of substrate proteins in a spatially and temporally defined manner. Consistently, a group of Ser/Thr kinases has been well recognized as central regulators of mitosis (2) . The maturation promoting factor (MPF), composed of cyclin-dependent kinase 1 (Cdk1) 4 and its activator, cyclin B, is regarded as the principal mitotic kinase. The activity of Cdk1 is responsible for mitotic phosphorylation of a broad spectrum of substrates that control virtually all aspects of M-phase progression. Accordingly, regulated activation and deactivation of Cdk1 have been well characterized as molecular events that dictate M-phase entry and exit (3) . To a lesser extent, Plk1, Aurora A, Aurora B, and several other mitotic kinases have also been shown to function as important M-phase regulators. Disrupting the function of these kinases leads to various defects in mitotic progression (4) .
As all reversible phosphorylation events are regulated by counteracting protein kinases and protein phosphatases, there is a clear rationale for an essential regulatory role played by protein phosphatases in M-phase. However, in contrast to that of protein kinases, the specific involvement of phosphatases in M-phase regulation only recently came to light (5) (6) (7) . It has been shown in budding yeast that the dual specificity phosphatase Cdc14 plays a critical role in promoting mitotic exit through dephosphorylation of Cdk1 substrates (8) . However, the mitotic function of Cdc14 in budding yeast does not seem to be fully conserved in higher organisms, suggesting the existence of alternative Cdk1-counteracting phosphatases, particularly protein phosphatase 1 (PP1) and PP2A (6, 7, 9) . PP1 and PP2A are the major forms of serine/threonine phosphatases in animal cells, and inhibition of these phosphatases has been long known to alter mitotic progression. Cellular PP1 and PP2A rarely exist in free forms; instead, these catalytic subunits associate with numerous regulatory subunits that control their phosphatase activity, substrate specificity, and cellular localization (10, 11) . Although the specific function of PP1 and PP2A in M-phase regulation is largely unknown, an elegant example has been provided through characterization of the PP2A-B55␦ complex as a mitotic regulator. Depletion of B55␦ led to defects in dephosphorylation of Cdk1 substrates and mitotic exit, suggesting that this phosphatase complex directly or indirectly antagonizes Cdk1 (12) (13) (14) . Inhibition of the phosphatase activity of PP2A-B55␦ is essential for M-phase entry and maintenance and was later attributed to Ensa and Arpp-19, and their mitotic phosphorylation by Greatwall kinase (12, 13, 15, 16) . In addition to regulation of Cdk1 substrates, PP1 and PP2A have also been shown to antagonize the action of Plk1, Aurora, and other mitotic kinases (6, 7) . For example, it has been shown that PP1 opposes the mitotic function of Aurora B at various subcellular sites, leading to delicate control of the spatial gradient of Aurora B substrate phosphorylation (17) (18) (19) . Obviously, the vast content and complex pattern of protein phosphorylation in mitosis can be much better understood with identification of various phosphatase complexes involved in M-phase progression and delineation of molecular mechanisms through which these mitotic phosphatases are regulated.
Phosphatase 1 nuclear targeting subunit 1 (Pnuts), also known as PPP1R10, was described as one of the nuclear regulators of PP1 that are responsible for the nuclear retention of PP1 (20) . It was suggested that Pnuts possesses RNA binding activity and may be involved in RNA processing (21) . Moreover, Pnuts was biochemically identified within a 200-kDa protein complex that also contains PP1, Tox4, and WDR83. The function of this protein complex is unclear, but it was suggested to regulate chromatin structure and RNA polymerase II phosphorylation (22) . Pnuts was found to bind DNA adducts generated by cisplatin and other DNA-damaging agents (23) . Consistently, Pnuts is involved in regulation of the DNA damage response and maintenance of telomere stability (24 -26) . The suggested function of Pnuts also includes modulation of tumor suppressor genes, such as retinoblastoma (Rb) and Phosphatase and tensin homolog (Pten), and at least in the case of Rb, Pnuts functions through inhibition of PP1 (27) (28) (29) . Finally, Pnuts enhances in vitro chromatin decondensation in a PP1-dependent manner, and expression of a PP1 binding-deficient mutant form of Pnuts in cells caused defects in chromatin decondensation at telophase (30) .
As several protein phosphatase complexes emerged as a new class of cell cycle regulators, we sought to reveal a potential role of Pnuts in cell cycle regulation. In this study, we discovered that Pnuts functions as an essential regulator of M-phase entry, maintenance, and exit. The cell cycle-dependent accumulation and degradation of Pnuts are tightly regulated and critical for the biochemical progression of M-phase.
EXPERIMENTAL PROCEDURES
Antibodies-Commercial antibodies used in this study include: Cdc27 antibody purchased from BD Transduction Laboratories; PP1 and Pnuts antibodies purchased from Bethyl Laboratories (Montgomery, TX); histone H3, phospho-H3 Ser-10, Cdc20, and phospho-CDK substrate antibodies from Cell Signaling Technology (Beverly, MA); MBP antibody from New England Biolabs (Ipswich, MA); GST antibody from Sigma; and ubiquitin and ␤-actin antibody from Abcam (Cambridge, MA). Rabbit polyclonal antibodies to Xenopus Pnuts were generated against the N-terminal sequence of Pnuts.
Immunoblotting-Samples were harvested in Laemmli sample buffer (Bio-Rad), resolved by SDS-PAGE, and then electrotransferred to PVDF membranes (Millipore, Billerica, MA). Membranes were blocked with 5% nonfat dry milk in 1ϫ TBST (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 1 h, incubated with primary antibodies for 2 h, washed three times in 1ϫ TBST, incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Sigma) for 1 h, washed three times, and then detected using an enhanced chemiluminescence (ECL) substrate kit (Pierce).
Immunodepletion-Immunodepletion was performed in Xenopus egg extracts as described previously (31) . Briefly, antimouse or -rabbit magnetic beads (New England Biolabs) were washed three times with a washing buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT, and 0.5% Tween 20) and then incubated with antibodies for 2 h at room temperature. Beads conjugated to the antibody were washed and then added into Xenopus egg extracts. After incubation for 30 min, the beads were removed with a magnet, and the remaining extract was collected for experiments.
Protein Expression and Purification-The Xenopus Pnuts gene was cloned from a Xenopus oocyte cDNA library, as described previously (32) , using the following targeting sequence for primers (atggggtcagggcc; ttatggcagtggtgg). The gene was then inserted into the pGEX4T-1 vector with an N-terminal GST tag or the pMAL-parallel II plasmid with an N-terminal MBP tag. Pnuts mutants used in this study were produced by site-directed mutagenesis, and the mutations were confirmed by sequencing. These proteins were then expressed in BL21 bacterial cells and purified with glutathione or amylose beads. Recombinant Emi2 was provided by Dr. J. Liu (Cal Poly Pomona).
Protein Pulldown-For reisolation of MBP-or GST-tagged proteins from Xenopus egg extracts, proteins bound to either amylose or glutathione beads were added to egg extract and incubated at room temperature. The beads were separated from the extract with low speed centrifugation, washed three times, and then resolved by SDS-PAGE and analyzed by immunoblotting.
Phosphatase Assay-The MBP-tagged N terminus (amino acids 1-27) of histone H3, a gift from Dr. M. L. Goldberg, was expressed in BL21 cells and purified with amylose resin. Purified histone H3 peptide was phosphorylated with Aurora A kinase (a gift from Dr. M. Y. Tsai) in kinase buffer (20 mM HEPES, pH 7.5, 2 mM DTT, 10 mM MgCl 2 , 0.1 mM EGTA, 100 M ATP) for 30 min at 30°C. Following the kinase reaction, the protein bound to beads was washed with modified extract buffer (1 M KCl, 11 mM MgCl 2 , 100 mM HEPES, pH 7.7, 500 mM sucrose, and 5 mM EGTA, pH 7.7) and eluted with 10 mM maltose in modified extract buffer. For the PP1 phosphatase assay, prephosphorylated histone H3 peptide was incubated with PP1 (New England Biolabs) in phosphatase buffer (New England Biolabs) with and without Pnuts protein at room temperature for the time indicated. Small aliquots were removed at the indicated time points and diluted 1:10 in Laemmli sample buffer, resolved by SDS-PAGE, and detected by immunoblotting.
Xenopus Egg Extracts-Cytostatic factor (CSF) extracts were freshly prepared as described previously (31) . Eggs were dejellied with 2% cysteine in 1ϫ extract buffer (1 M KCl, 10 mM MgCl 2 , 100 mM HEPES, pH 7.7, and 500 mM sucrose), washed four times with 1ϫ extract buffer, and then washed once with 1ϫ modified extract buffer (1 M KCl, 11 mM MgCl 2 , 100 mM HEPES, pH 7.7, 500 mM sucrose, and 5 mM EGTA, pH 7.7). Eggs were packed in centrifuge tubes with low speed centrifugation and then crushed by centrifugation at 10,000 ϫ g at 4°C for 10 min. The cytoplasmic layer was further separated by centrifu-gation at 10,000 ϫ g for 15 min at 4°C. For cycling extracts, eggs were rinsed with distilled water and then soaked in water for 10 min before being dejellied with 2% cysteine in 1ϫ extract buffer. They were washed five times in 0.2ϫ Marc's Modified Ringers buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl 2, 2 mM CaCl 2, 0.1 mM EDTA, 10 mM HEPES, and KOH to pH 7.8). The Ca 2ϩ ionophore, A23187, was added to 10 ng/ml until the animal poles rotated. The eggs were then washed with 0.2ϫ Marc's Modified Ringers 10 times and 1ϫ extract buffer four times. Eggs were packed by low speed centrifugation. The eggs were crushed 35 min after the addition of A23187 by centrifugation at 10,000 ϫ g at 4°C. The cytoplasmic layer was transferred to new tubes, and energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 MgCl 2 ) was added. The cytoplasmic layer was further separated by centrifugation at 10,000 ϫ g for 15 min at 4°C.
RESULTS

Pnuts Overexpression Suppresses Both Meiotic and Mitotic
Exit-We assessed the role of Pnuts in M-phase regulation using Xenopus egg extract, an in vitro model of cell cycle progression that has been widely used to study mitotic kinases and phosphatases (33, 34) . We cloned the Xenopus homolog of Pnuts from an oocyte cDNA library. As shown in Fig. 1A , Xenopus Pnuts is well conserved to the human homolog, containing the same set of functional domains, including the middle RVX(F/W)P motif that binds PP1 phosphatase (20, 21, 27) , the YLP motif that associates with TRF2 and modulates telomere stability (25) , the N-terminal RNA-binding motif that is poten-tially related to its function in transcriptional control (21, 35, 36) , and the C-terminal zinc finger motif that has not been functionally characterized. To examine the role of Pnuts in M-phase exit, recombinant Pnuts proteins with GST or MBP tag were purified and added to Xenopus extracts at severalfold over endogenous Pnuts level (Figs. 1B and 3B). The cell cycle stage was determined by the mitotic phosphorylation of Cdc27 that can be judged by retarded mobility in gel, phosphorylation of other mitotic substrates that can be recognized using a phospho-CDK substrate antibody, and the morphology of sperm nuclei incubated in the extracts. CSF extract that is naturally arrested in metaphase was released by the addition of calcium. Although the control extract entered interphase following the addition of calcium, Pnuts-supplemented extract remained in M-phase (Fig. 1C) . A similar defect of M-phase exit was observed upon the addition of Pnuts in extracts without presupplementation of sperm nuclei (Fig. 1D ). The release of CSF extract better recapitulates the condition of meiotic exit than mitotic exit (37) . However, increasing Pnuts level in cycling egg extract also extended mitosis ( Fig. 1E ). When added to CSF extract, roscovitine inhibits Cdk1, allowing its substrates to be dephosphorylated by counteracting phosphatases and the M-phase extract to be released into interphase (38) . Increased expression of Pnuts delayed roscovitine-induced M-phase exit ( Fig. 1F ), suggesting that it may prevent dephosphorylation of mitotic phosphoproteins. Collectively, these results characterize Pnuts as an inhibitor of M-phase exit. Samples were taken at the indicated time points and immunoblotted for Cdc27 and Phospho-CDK (p-CDK) substrates. Phosphorylated Cdc27 is indicated by P. Extracts were supplemented with sperm nuclei and monitored for the morphology of sperm nuclei, stained with DAPI. D, calcium was added to CSF Xenopus egg extracts with or without exogenous Pnuts to induce M-phase exit. Samples were taken at the indicated time points and immunoblotted for Cdc27 and Phospho-CDK substrates. E, cycling extracts in the absence or presence of exogenous Pnuts were examined for Cdc27 phosphorylation. F, the CDK inhibitor roscovitine (0.5 mM) was added to CSF extracts in the absence or presence of exogenous Pnuts and incubated at room temperature for 30 min. Extract samples were taken at the indicated time points and immunoblotted for Cdc27 and phospho-CDK substrates.
Pnuts Expression Is Essential for Mitotic Maintenance and
Entry-Next we sought to investigate the functional importance of endogenous Pnuts in M-phase. As Pnuts up-regulation in mitosis blocks mitotic exit, we hypothesized that depletion of the endogenous Pnuts in mitosis will affect the length and quality of mitosis. We generated specific antibodies that are capable of removing endogenous Pnuts from CSF extracts. Interestingly, extracts depleted of Pnuts failed to maintain M-phase (Fig. 2, A and B) , which can be restored with the add-back of recombinant Pnuts (Fig. 2, A and C) . These results therefore support the idea that Pnuts expression is necessary for the maintenance of mitosis. To directly investigate whether Pnuts plays a role in regulation of mitotic entry, we immunodepleted Pnuts in cycling extracts while they were in interphase and observed that the resulting extracts failed to enter mitosis (Fig.  2D) .
Pnuts Regulates Mitosis through PP1-It has been shown that PP1 is critically involved in M-phase regulation (5-7, 38, 39) , and Pnuts was discovered as a regulatory subunit that, at least in some cases, inhibits PP1 activity (21, 27, 30) . We therefore reasoned that Pnuts may regulate M-phase progression through PP1. We first asked whether PP1 binding is necessary for Pnuts to regulate M-phase. As shown in Fig. 3A , a W393A mutant form of Pnuts does not interact with PP1 in Xenopus egg extracts, consistent with a previous study in human cells (21) . Importantly, unlike WT Pnuts, W393A Pnuts at a comparable concentration (Fig. 3B ) was unable to block calcium-induced release of CSF extract (Fig. 3C) . Similarly, mitotic exit can be induced in CSF extracts by the addition of exogenous PP1, whereas the addition of WT, but not W393A, Pnuts prevented PP1-induced M-phase exit (Fig. 3D) . Moreover, mitotic release caused by Pnuts depletion can be rescued if PP1 is co-depleted ( Fig. 3E ). These lines of evidence indicated that the mitotic function of Pnuts is largely conferred through modulation of PP1.
It has been shown that PP1 dephosphorylates histone H3, Aurora A, Aurora B, and other mitotic factors (5) (6) (7) . To shed more light on how Pnuts may regulate mitotic progression through PP1, we examined the dephosphorylation of H3 and Aurora A and observed sustained phosphorylation of both substrates in extracts supplemented with Pnuts (Fig. 3F) . We further confirmed that Pnuts efficiently inhibited PP1 in an in vitro phosphatase assay using histone H3 prephosphorylated at Ser-10 as substrate (Fig. 3G) , indicating that Pnuts directly inhibits PP1-dependent substrate dephosphorylation. Similarly, dephosphorylation of Aurora A in extracts was prevented with the addition of Pnuts (Fig. 3H) . Interestingly, although Pnuts suppressed dephosphorylation of H3, dephosphorylation of Cdc27 in the same extract was not inhibited by Pnuts (Fig.  3I) . Notably, a previous study showed that Cdc27 dephosphorylation is PP2A-dependent (40) .
Pnuts Expression Is Elevated in M-phase-Like cyclin B and some other cell cycle regulators whose expression oscillates during the cell cycle, we found Pnuts to be expressed at a higher level in M-phase in Xenopus egg extracts (Fig. 4A) . In a cycling extract, high expression of Pnuts was observed when the extract entered mitosis, and the expression level of Pnuts decreased when the extract underwent mitotic exit (Fig. 4B) . Consistently, the level of Pnuts decreased quickly during the release of the CSF extract into interphase (Fig. 4C ). These results observed during both mitotic and meiotic exit prompted us to investigate how Pnuts expression was down-regulated in the process of M-phase exit. Interestingly, both the endogenous and the exogenous forms of Pnuts exhibited an identical pattern of reduction in protein level ( Fig. 4C ), suggesting that the reduction is attributed to a change in the rate of protein degradation rather than protein synthesis. Indeed, exogenous proteins incubated in either mitotic or interphase extracts revealed greatly reduced protein stability of Pnuts in interphase (Fig. 4D) .
Pnuts Expression Is Regulated by APC/C-dependent Ubiquitination and Degradation-The anaphase-promoting complex/ cyclosome (APC/C) is known to ubiquitinate cyclin B and many other mitotic proteins, thereby targeting them for the proteasome-dependent destruction (41, 42) . When we examined the proteins that were pulled down from egg extract with MBP-Pnuts, we detected Cdc27 and Cdc20, which are components of the APC/C complex (Fig. 5A) . In metaphase-arrested CSF extracts, the association of Pnuts with Cdc27 and Cdc20 was significantly reduced, presumably consistent with the high expression level of Pnuts in M-phase. The involvement of the proteasome in Pnuts regulation was confirmed using a proteasome inhibitor, MG132. Although MBP-Pnuts added into interphase extracts exhibited much lower stability when compared with that added into M-phase extracts, such difference was no longer evident with the addition of MG132 (Fig. 5B) , which apparently increased the stability of Pnuts in interphase extracts (Fig. 5, B and C) . Pulldown of Pnuts from extracts also revealed that it undergoes ubiquitination, which was sup- pressed in the presence of Emi2, a well characterized inhibitor of APC/C (43) (Fig. 5D ).
Pnuts Is Regulated through Conserved Destruction Box Motifs-APC/C targets cyclin B and other substrates in a sequence-specific manner, and several recognition motifs have been characterized, including the most common destruction box (D-box), KEN box, and Orc1-destructing box (O-box) (42, 44) . We found that Pnuts contains a D-box and an O-box, both of which are well conserved from Xenopus to human (Fig. 6A) . Changing the first amino acid in either the D-box or the O-box to an alanine increased the stability of Pnuts in interphase extracts (Fig. 6B) . The D-box mutant (Dm) exhibited a more profound effect when compared with the O-box mutant (Om), whereas a double mutation (ODm) greatly stabilized Pnuts and reduced its ubiquitination (Fig. 6, B and C) . Given the function of Pnuts reported in this study and the pattern of its expression during the cell cycle, it is plausible that its proteolysis constitutes one of the key events underlying mitotic exit. To this end, we depleted endogenous Pnuts in M-phase extracts and reconstituted the extracts with either WT or ODm Pnuts to approximately the endogenous level (Fig. 6D ). When compared with WT Pnuts, ODm Pnuts delayed the release of the extracts to interphase induced by Ca 2ϩ (Fig. 6E) . Fig. 1C , calcium was added into CSF extracts to induce M-phase exit, with or without WT or W393A Pnuts. Extract samples were harvested after 30 min of incubation and analyzed by immunoblotting. Phosphorylated Cdc27 is indicated by P. D, PP1 (New England Biolabs, 0.42 unit/l) was added into CSF extracts to induce M-phase exit, with or without WT or W393A Pnuts. Extract samples were harvested after 30 min of incubation and analyzed by immunoblotting. E, CSF extracts were mock-treated (Ϫ), depleted of Pnuts as in Fig. 2A , or co-depleted of Pnuts and PP1␥, and incubated at room temperature for 30 min. Immunoblotting of phospho-CDK (p-CDK) substrates, Cdc27, and PP1 is shown. F, CSF extracts with or without supplementation of MBP-Pnuts were treated with calcium. Extract samples were collected at the indicated time points and analyzed by immunoblotting for phospho-Aurora A (p-Aurora A), phospho-H3 (p-H3), and H3. G, the MBP-H3-S10 substrate was generated and prephosphorylated as described under "Experimental Procedures." PP1 was used to dephosphorylate the substrate in vitro, with or without the addition of Pnuts protein.
Immunoblots of phopho-H3 Ser-10, MBP, and Pnuts are shown. H, purified WT Aurora A was added to interphase extracts with or without MBP-Pnuts and incubated at room temperature. Samples were taken at the indicated time points and immunoblotted using phospho-Aurora A and His tag antibodies. I, CSF extracts were diluted (1:5) in the PP1-containing buffer (New England Biolabs) with or without Pnuts. Samples were collected at the indicated time points and analyzed by immunoblotting using phospho-H3, H3, and Cdc27 antibodies. 
DISCUSSION
Pnuts Is a Quantitative Regulator of the Cell Cycle-Our results showed that the expression of Pnuts oscillates during the cell cycle and peaks in M-phase. The accumulation of Pnuts is required for M-phase maintenance as its depletion caused M-phase exit. On the other hand, Pnuts is down-regulated during M-phase exit, and supplementation of exogenous Pnuts efficiently blocked M-phase exit. It has been shown in a previous study that PP2B/calcineurin is required for meiotic exit, but not mitotic exit (45) . By comparison, we observed the same role of Pnuts in extracts released from either mitosis or meiosis. Consistent with its role in M-phase maintenance, Pnuts is required for M-phase entry, and its depletion in interphase extracts prevented M-phase entry. The function of Pnuts in mitosis is seemingly analogous to a "locking" mechanism. Once the cell is committed to M-phase entry, Pnuts is up-regulated to ensure mitotic entry, maintain M-phase, and prevent premature M-phase exit, whereas its down-regulation facilitates M-phase exit. Replacing endogenous Pnuts with a non-degradable mutant delayed M-phase exit. The role of Pnuts and its pattern of expression during the cell cycle may contribute to the irreversibility and ultrasensitivity of cell cycle transition through M-phase. A previous study suggested that Pnuts may be involved in the regulation of chromosome condensation (30), a necessary step of M-phase exit. However, Xenopus egg extracts are depleted of chromatin DNA, and the role of Pnuts in M-phase progression was seen consistently in Xenopus egg extracts with or without the supplementation of sperm chromatin, suggesting that Pnuts is an essential component of the biochemical machinery that controls cell cycle progression. It has been shown that human Pnuts localizes in the nucleus in interphase and is excluded from mitotic chromosomes in M-phase (30) . This pattern of localization appears somewhat reminiscent of Greatwall kinase and other mitotic regulators (46, 47) , but the exact implication to the function or regulation of Pnuts remains to be clarified.
Cell Cycle-dependent Regulation of Pnuts-Regulated proteolysis plays an important role in carving cell cycle transitions. In particular, a number of E3 ubiquitin ligases have been shown to mediate the ubiquitination and proteasome-dependent degradation of key cell cycle regulators. For example, cyclin B is targeted by the APC/C ubiquitin ligase, leading to its degradation and inactivation of mitotic Cdk1. Interestingly, in this study, we found that oscillation of Pnuts expression during the cell cycle is regulated through APC/C-mediated ubiquitination and proteasome-dependent degradation. Moreover, it has been shown that APC/C targets its various substrates in a sequence-specific manner. Pnuts contains two evolutionarily conserved motifs that are predicted targets of the APC/C, including the D-box that is responsible for cyclin B degradation and the O-box that is present in Orc1 (42, 44) . We confirmed that both the D-box and the O-box are involved in the regulation of Pnuts ubiquitination and stability. Thus, these results identified a new target of APC/C and delineated an important mechanism of cell cycle regulation through ubiquitin-mediated proteolysis. The critical nature of Pnuts degradation during M-phase exit was demonstrated as replacing endogenous Pnuts with a mutant form defective in APC/C-mediated degradation delayed M-phase exit.
Regulation of Mitotic Phosphorylation by the PP1 and Pnuts Module-We confirmed in this study that the function of Pnuts in cell cycle regulation is largely conferred through PP1, which finding contributes to the emerging picture of mitotic regulation through protein phosphatases. It is well established that the complex pattern of phospho-regulation plays a central role in governing M-phase progression and that PP1 and PP2A are mitotic regulators whose inhibition led to various mitotic defects (6, 7) . However, revealing how the functions of mitotic phosphatases are specifically regulated still stands as a key challenge. PP1 has been implicated in multiple aspects of M-phase entry and exit as both a negative and a positive regulator. For example, H3, Aurora A, Aurora B, Nek2, Plk1, Cdc25, and numerous other mitotic regulators have been characterized as substrates of PP1, through which PP1 can promote both mitotic entry and exit (5-7, 38, 39) . Here we showed that up-regulation of Pnuts in M-phase represents an important mechanism employed by the cell to modulate PP1 activity and maintain mitosis. Despite the essential role of Pnuts throughout mitotic progression, Pnuts only associated with a very small portion of PP1, suggesting specific modulation of only a subset of PP1 substrates. It should also be noted that, in addition to Pnuts, various other molecular mechanisms are likely to be included to govern the function of PP1, given that PP1 is a major Ser/Thr phosphatase whose activity needs to be regulated in a spatiotemporally defined manner. Continuous research efforts in revealing the detailed function and regulation of specific M-phase phosphatase subunits will undoubtedly yield a more complete understanding of phospho-regulation of the cell cycle. 
